###### Significance

The high pressure absorption spectroscopy revealed that the partial volume changes for the unfolding of cytochrome *c* (Cyt *c*) to the urea- and guanidine hydrochloride (GdnHCl)-denatured unfolded states (Δ*V*~u~) were positive, reflecting hydration to hydrophobic heme; however, a more positively shifted Δ*V*~u~ was observed for urea-denatured Cyt *c*. Introduction of the mutation near the axial ligand induced more drastic changes in the hydrated structure of the urea-denatured Cyt *c*, suggesting that the hydrated structure in the unfolded state depends on the denaturant. Our approach enables us to examine the dehydration associated with protein folding and hydration structures in the unfolded states.

In aqueous solutions, linear protein polypeptide chains decrease in entropy and collapse into a globule to minimize the surface area that is exposed to the solvent. The folded state is a low-entropy subensemble in all possible collapsed globular conformations for the protein chain. In contrast, the unfolded state is an ensemble that is not or much less structured and has higher entropy than the folded state does. For folding to be beneficial, the folded state must be sufficiently and energetically favorable to overwhelm the higher entropy associated with structural disorder within the globular phase. The major energetic driving force originates from the van der Waals, hydrogen bonding, and electrostatic interactions, both within the polypeptide chain and between the chain and its surrounding aqueous solvent. One particularly important subset of these interactions is the hydrophobic effect, which entails minimizing the surface area of hydrophobic amino acid residues exposed to the aqueous solvent \[[@b1-16_18],[@b2-16_18]\].

One problem related to estimating the hydrophobic effect on protein folding is the lack of understanding regarding the evaluation of the hydration effect. Makhatadze and Privalov \[[@b3-16_18],[@b4-16_18]\] have estimated the hydration effects of cytochrome *c* (Cyt *c*) unfolding using structural information on the hydrophilic and hydrophobic groups that have been exposed to water in the folded and unfolded states. They proposed that a large entropy decrease in conformational entropy will be compensated for by the evacuation of water molecules, known as dehydration, from the hydrophobic surface. However, experimental data examining the structural and functional significance of dehydration remain limited because of the difficulties in the spectroscopic characterization of water molecules. In the present study, we focus on the dehydration from amino acid residues in the protein folding of Cyt *c* to determine the thermodynamic significance of the dehydration and discuss hydrated structures in the unfolded states.

A promising approach in observing hydration/dehydration is estimating the partial molar volume of a protein molecule in its aqueous solution (*V*), including the hydration of solvent-accessible protein atomic groups \[[@b2-16_18],[@b5-16_18]--[@b8-16_18]\]. *V* can be represented by the sum of the constitutive volume (*V*~m~) \[[@b9-16_18],[@b10-16_18]\], the volume of structural voids (*V*~v~) corresponding to the solvent-inaccessible core of the protein resulting from imperfect atomic packing \[[@b11-16_18]\], and the overall volume change associated with the hydration/dehydration of the solvent (Δ*V*~h~) \[[@b12-16_18]--[@b16-16_18]\] as follows:
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The partial molar volume change in protein unfolding (Δ*V*~u~) is therefore defined by the following equation:
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where Δ*V*~m~ is the volume changes of *V*~m~ between the folded and unfolded states, Δ*V*~v~ is the changes of *V*~v~, and ΔΔ*V*~h~ is the observed hydration term changes corresponding to the volume changes caused by the hydration of polypeptide chains in the protein unfolding \[[@b2-16_18],[@b5-16_18]\]. In the above equation, *V*~m~ does not change from the folded state to the unfolded state; this leads to the assumption that Δ*V*~m~ is zero. Because denatured polypeptide chains are exposed to the solvent, *V*~v~ for the unfolded states can be accurately approximated using zero, assuming that Δ*V*~v~ is equal to −*V*~v~ . Therefore, [Eq. 2](#fd2-16_18){ref-type="disp-formula"} can be simplified to [Eq. 3](#fd3-16_18){ref-type="disp-formula"}.
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ΔΔ*V*~h~ can be determined by the sum of *V*~v~ and Δ*V*~u~. For the folded state, *V*~v~ can be determined from the protein crystal structures by rolling a virtual ball of water molecule around the van der Waals surface of the macromolecule \[[@b17-16_18]\]. If the system is at constant temperature *T*, Δ*V*~u~ can be expressed using the following thermodynamic relationship:
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where Δ*G*~u~ is the Gibbs energy change in the protein unfolding, *p* is pressure, and *K* is the equilibrium constant between the folded and unfolded states:
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Applying the two-state folded-to-unfolded transition model to the protein unfolding process \[[@b18-16_18]\], we determined *K* using high pressure ultraviolet/visible (UV/vis) spectroscopy and measured the pressure dependence of *K* to calculate Δ*V*~u~ and ΔΔ*V*~h~.

To determine *K* between the folded and unfolded states, we used guanidine hydrochloride (GdnHCl) and urea as the chemical denaturants \[[@b19-16_18],[@b20-16_18]\]. GdnHCl is one of the commonly used denaturants that directly and strongly interacts with hydrophobic groups \[[@b21-16_18]\], and interactions between GdnHCl and hydrophobic amino acid residues facilitate the dehydration from hydrophobic amino acid residues, resulting in fewer hydrated *hydrophobic* groups in the unfolded states. In contrast, urea is a rather weak denaturant that interacts with hydrophilic amino acid residues to destabilize protein folded structures by forming hydrogen bonds to the peptide groups \[[@b21-16_18],[@b22-16_18]\]. Therefore, in the urea-denatured state, some of the hydrophilic amino acid residues interact with urea, not water molecules, leading to fewer hydrated *hydrophilic* groups. Therefore, although both urea and GdnHCl are typical denaturants, the hydrated structures in the denatured states are significantly different, and the present study characterizes urea- and GdnHCl-denatured unfolding of Cyt *c* to describe the hydrated structure of proteins. Together with the results showing that mutant Cyt *c* has perturbed hydrated structures in the denatured states, new insights into dehydration in protein folding and unfolded protein structures are provided.

Materials and Methods
=====================

To examine the hydration associated with protein unfolding, horse Cyt *c* was chosen for analysis, because the equilibrium constant between folded and unfolded states (*K*) could be monitored using the absorbance band of the covalently attached heme as the prosthetic group (shown in red in [Fig. 1](#f1-16_18){ref-type="fig"}) \[[@b3-16_18],[@b4-16_18]\]. In the protein unfolding of horse Cyt *c* at neutral pH, His18 is ligated to the oxidized heme iron in the unfolded state; however, the second axial ligand Met80 is replaced by a nonnative histidine ligand \[[@b23-16_18]--[@b27-16_18]\]. To estimate Δ*V*~u~ in the Cyt *c* unfolding, we monitored the replacement of the axial ligand by the absorbance at 402.5 and 404.5 nm, where the maximum differences of the absorbance between folded and unfolded Cyt *c* are observed for the urea and GdnHCl denaturation, respectively, using UV/vis spectroscopy under high pressure.

To oxidize the residual ferrous form, horse heart Cyt *c* (Merck Millipore, Darmstadt, Germany) was treated with potassium ferricyanide (Wako Pure Chemical Industries Ltd.) and was purified on an Amicon ultrafiltration using 5-kDa cutoff membranes to remove excess oxidants. The expression vector for the Cyt *c* mutant containing Gln at the His26 position was constructed as per Sato, W. *et al*. \[[@b28-16_18]\]. The protein was dissolved in 50 mM Tris-HCl buffer (pH 7.5) at various activities of urea (molecular biology grade from Kanto Chemical Co., Inc., Tokyo, Japan) or GdnHCl (biochemistry grade from Kanto Chemical Co.) before the experiments. The final protein concentration was 30 μM, which was spectrophotometrically estimated using molar extinction coefficient for oxidized Cyt *c*. The extinction coefficient used at 408 nm was 1.06×10^−1^ m^2^ mol^−1^ \[[@b29-16_18]\].

We developed a high pressure spectroscopy device ([Fig. 2](#f2-16_18){ref-type="fig"}). The UV/vis spectra of Cyt *c* from 800 to 250 nm were recorded using a JASCO model V-570 spectrophotometer. The measurements were performed using a cell connected to a circulating water bath to maintain the sample temperature at 25°C. A quartz cell filled with the sample was placed into the high pressure optical cell (PCI-500; Syn Corporation Ltd., Kyotanabe, Japan), and pressure was applied using the hand pump HP-501 (Syn Corporation Ltd.) through the water medium. The measurements were performed from 50 to 150 MPa at 25-MPa intervals.

To compare the hydrophobicity of proteins, we calculated the averaged hydrophobicity of the amino acid sequence of the protein. The averaged hydrophobicity is the summation of the hydrophobicity of amino acid residues in the sequence of the corresponding protein without including any prosthetic groups and exogenous ligands \[[@b30-16_18]\].

Results and Discussion
======================

Determination of volume changes in protein unfolding
----------------------------------------------------

To estimate Δ*V*~u~ for unfolding to the urea- or GdnHCl-denatured states, we monitored the absorbance change at 402.5 and 404.5 nm by adding urea and GdnHCl under high pressures, respectively (50--150 MPa). In the Cyt *c* unfolding by the chemical denaturants \[[@b31-16_18],[@b32-16_18]\], intermediates with the His-Lys heme ligation are reported to be stabilized with increased pressure \[[@b33-16_18]\]. In our measurement, however, the Soret band was shifted from 409 nm to 407 nm by addition of the denaturant ([Supplementary Fig. S1 in Supplementary materials](#s1-16_18){ref-type="supplementary-material"}), without appearance of a peak or shoulder from the His-Lys heme ligation around 405 nm \[[@b34-16_18]--[@b36-16_18]\]. Although no isosbestic points in the spectral changes upon addition of the denaturant suggest the formation of the folding intermediates under our denaturation conditions, the contribution of the folding intermediates to the changes of the absorption spectra is rather small and it is more plausible that the transition we detected from the absorption spectra is from the folded state to the unfolded state. [Figures 3](#f3-16_18){ref-type="fig"} and [4](#f4-16_18){ref-type="fig"} show experimental data analyses for the urea and GdnHCl denaturation, respectively. To determine the volume changes induced by the denaturants \[[@b37-16_18],[@b38-16_18]\], activities, not molarities, were used as the concentration of the denaturant \[[@b39-16_18]--[@b41-16_18]\]. As shown in [Figures 3A](#f3-16_18){ref-type="fig"} and [4A](#f4-16_18){ref-type="fig"}, absorbance intensities of the Soret peak under various denaturant activities and pressures were fitted using the two-state model for each pressure, which were normalized by the ratio of the folded states, to determine *K* \[[@b2-16_18],[@b5-16_18]\]. For each pressure, the absorbance was normalized by the denaturant activity. The absorbances without the denaturant and with the highest activity of the denaturant were adjusted to 1 and 0, respectively. Using [Eq. 4](#fd4-16_18){ref-type="disp-formula"}, Δ*V*~u~ could be estimated based on the pressure dependence of *K* ([Figs. 3B](#f3-16_18){ref-type="fig"} and [4B](#f4-16_18){ref-type="fig"}). To obtain Δ*V*~u~ for the urea- and GdnHCl-denatured unfolding, the liner extrapolation method was used \[[@b37-16_18],[@b38-16_18]\]. The dependence of Δ*V*~u~ on denaturant activity is illustrated in [Figures 3C](#f3-16_18){ref-type="fig"} and [4C](#f4-16_18){ref-type="fig"}; Δ*V*~u~ values were 56±5 and 29±1 mL mol^−1^ for the unfolding processes of the urea and GdnHCl denaturation, respectively ([Table 1](#t1-16_18){ref-type="table"}).

On the basis of [Eq. 3](#fd3-16_18){ref-type="disp-formula"}, the volume changes for the hydration (ΔΔ*V*~h~) for urea and GdnHCl denaturation were estimated from Δ*V*~u~ and *V*~v~. Using the structural data of Cyt *c* 1HRC \[[@b42-16_18]\] and the program for calculating the void volume in protein structure (Voss Volume Voxelator web server), *V*~v~ was determined to be approximately 80 mL mol^−1^ \[[@b17-16_18]\]. Thereafter, ΔΔ*V*~h~ values for urea and GdnHCl denaturation were calculated as 140 and 110 mL mol^−1^, respectively ([Table 2](#t2-16_18){ref-type="table"}).

Structural significance of positive volume change in protein unfolding
----------------------------------------------------------------------

One of the characteristic features in the protein unfolding of Cyt *c* is the *positive* Δ*V*~u~ values for both urea and GdnHCl denaturation. Although positive Δ*V*~u~ has reported in the thermal unfolding of Cyt *c* at acidic pH \[[@b43-16_18],[@b44-16_18]\], proteins showing a positive Δ*V*~u~ value at neutral pH have not yet been reported \[[@b6-16_18],[@b45-16_18]--[@b48-16_18]\]. As indicated in the previous section, the positive Δ*V*~u~ for the Cyt *c* unfolding originates from the larger positive ΔΔ*V*~h~, compared to the smaller positive *V*~v~. Previous theoretical studies have proposed that a positive ΔΔ*V*~h~ was originated from hydration of hydrophobic groups because of the exclusion effects of hydrophobic groups on water molecules. The excluded volume for a water molecule located near hydrophobic groups is larger than that of a bulk water molecule; this implies that hydration of hydrophobic groups results in a positive ΔΔ*V*~h~. In contrast, the hydration of one water molecule to a hydrophilic protein surface from a bulk solution is considered to contribute to negative volume changes (−3 or −4 mL mol^−1^) \[[@b13-16_18]\]. Therefore, the positive Δ*V*~u~ suggests that the hydration of hydrophobic groups prevails over that of hydrophilic groups in the Cyt *c* unfolding.

However, the average hydrophobicity of amino acid residues in the sequence of Cyt *c* does not deviate considerably from that of other proteins (Cyt *c*: −0.90; staphylococcal nuclease A \[SNase A\]: −0.86; *trp* repressor: −0.45; chymotrypsin inhibitor-2: −0.36). Therefore, no substantial difference would be present between the hydration of hydrophobic amino acid residues in Cyt *c* and that in other proteins. It should be noted here that Cyt *c* has a covalently attached heme group, and heme is an iron porphyrin complex containing several hydrophobic functional groups at the heme periphery. As previously reported \[[@b49-16_18],[@b50-16_18]\], heme serves as a hydrophobic core to initiate the refolding of Cyt *c*, and it is highly likely that the numerous water molecules located near heme in the unfolded state of Cyt *c* are dehydrated in the "collapse" phase of the refolding. Although reports on the quantitative analysis of the hydration of the heme group are lacking, it can be safely concluded that the hydration of the hydrophobic heme group is the primary and major factor in the positive shift in Δ*V*~u~ for the Cyt *c* unfolding.

Hydration with heme in Cyt *c* unfolding
----------------------------------------

To examine the contribution of hydration of heme to Δ*V*~u~ in the Cyt *c* unfolding, we compared volume changes in the protein unfolding of Cyt *c* with those of SNase A containing no prosthetic groups but a similar averaged hydrophobicity to Cyt *c*. A previous study has reported Δ*V*~u~ as −72 mL mol^−1^ for the urea-denatured unfolding of SNase A \[[@b45-16_18]\], and *V*~v~ was determined to be 50 mL mol^−1^, providing an estimate for ΔΔ*V*~h~ of approximately −20 mL mol^−1^. Assuming that the contribution of the hydration of the polypeptide to Δ*V*~u~ in the Cyt *c* unfolding is comparable to that in the SNase A unfolding, the contribution of hydration of heme to ΔΔ*V*~h~ can be estimated to be 160 mL mol^−1^ for the urea-induced unfolding of Cyt *c*.

To determine the thermodynamic contribution of the hydration of heme, the number of water molecules hydrated to heme was estimated from ΔΔ*V*~h~ \[[@b4-16_18]\]. Although the volume change induced by the hydration of one water molecule to the hydrophobic group has not yet been experimentally and theoretically determined, ΔΔ*V*~h~ for the hydration of the hydrophilic group was reported to be −3 mL mol^−1^ \[[@b13-16_18]\]. We hypothesized that ΔΔ*V*~h~ for the hydration of one water molecule to the hydrophobic groups is +3 mL mol^−1^, and on the basis of this hypothesis, we were able to estimate that approximately 50 water molecules can be hydrated to heme. To confirm the validity of the number of water molecules hydrated to the hydrophobic heme group, we calculated the maximum number of water molecules of the hydration layer of heme. Considering the surface area of heme as approximately 400 Å^2^ and the radius of a water molecule as 1.4 Å, the maximum number of water molecules involved in the hydration was determined to be 70. However, the actual number of hydrated water molecules will be less than 70, because heme in unfolded Cyt *c* is not completely exposed to the solvent. Therefore, it is plausible that approximately 50 water molecules are located near heme in the urea-denatured state of Cyt *c*, and these water molecules would be dehydrated in the Cyt *c* refolding process.

The number of hydrated water molecules of heme allowed us to quantitatively examine the thermodynamic contribution of the dehydration to Cyt *c* folding. The entropic contribution of the dehydration from the hydrophobic groups is approximately −1 kJ mol^−1^ (−*T*Δ*S* = −1.06 kJ mol^−1^ at 25°C) per one water molecule (3). Therefore, the thermodynamic contribution of the dehydration from the heme group would be approximately −50 kJ mol^−1^. Comparing the total Gibbs energy change of the Cyt *c* folding, Δ*G*~u~ (−37 kJ mol^−1^) \[[@b4-16_18]\], the entropic contribution of the dehydration from heme is the major driving force for the Cyt *c* protein folding. If the dehydration from heme is lost, the Cyt *c* folding would be a thermodynamically unfavorable reaction; this is further supported by the fact that Cyt *c* without heme (apoCyt *c*) is unable to attain its native structure \[[@b51-16_18]\], and the hydrophobic interactions between the heme group and hydrophobic amino acid residues are crucial for the formation of the hydrophobic core for the initial stage of the Cyt *c* folding \[[@b49-16_18],[@b50-16_18]\].

Different volume changes between the two denaturants
----------------------------------------------------

Although the Cyt *c* unfolding induced by both urea and GdnHCl indicated a positive ΔΔ*V*~h~, a more positive ΔΔ*V*~h~ was estimated for the urea denaturation, which implies that the unfolded protein structure is different between the two denatured states. Such different denatured states have also been encountered for the small-angle X-ray scattering measurements. The radius of gyration of GdnHCl-denatured Cyt *c* (30.3 Å) \[[@b52-16_18]\] is significantly larger than that of urea-denatured Cyt *c* (29.7 Å) \[[@b53-16_18]\]. Compared to urea, GdnHCl has been found to be a much effective denaturant, which is supported by the higher *m* values of GdnHCl \[[@b54-16_18]\] and the solubility of amino acids at the same denaturant concentration \[[@b20-16_18],[@b55-16_18],[@b56-16_18]\]. Therefore, the GdnHCl-unfolded state of Cyt *c* is less structured and more extended than that of the urea-denatured state, showing a large gyration radius.

For GdnHCl-denatured Cyt *c*, guanidium ions have direct and strong interactions with hydrophobic groups in Cyt *c* \[[@b21-16_18]\]; certain hydrophobic sites in GdnHCl-denatured Cyt *c* are occupied by guanidium ions, and certain hydrated water molecules surrounding hydrophobic sites are expelled to the bulk. This results in fewer hydrated water molecules around the *hydrophobic* amino acid residues in the GdnHCl-denatured state and a more negative shift in ΔΔ*V*~h~, compared with that in urea-denatured Cyt *c* (140 to 110 mL mol^−1^). In contrast, urea is known as a relatively weak denaturant, which destabilizes protein folded structures by forming hydrogen bonds to the hydrophilic peptide groups \[[@b21-16_18],[@b22-16_18]\]. Such hydrogen bonds with urea impede the hydration of hydrophilic amino acid residues in the urea-denatured state. Therefore, urea reduces the number of hydrated water molecules near the *hydrophilic* groups in the denatured states, leading to a shift of ΔΔ*V*~h~ to the positive side. In addition, urea-denatured Cyt *c* retains some secondary structure composed mainly of α-helix \[[@b21-16_18]\], and such an α-helical structure contains several hydrogen bonds between hydrophilic amide and carbonyl groups, and partially formed α-helices in the urea-denatured state reduce the number of hydrated water molecules surrounding the *hydrophilic* amino acid residues, which further leads to a positive shift in ΔΔ*V*~h~.

Mutation to perturb the hydrated structure of unfolded Cyt *c*
--------------------------------------------------------------

As clearly described in the previous section, the hydrated structure of the unfolded state in Cyt *c* depends on the denaturant. This difference in the hydrated structure could be attributed to the different ligation structures between urea-and GdnHCl-denatured states in Cyt *c*. In urea denaturation, Met80, one of the axial ligands for heme, is replaced by His33, whereas in GdnHCl denaturation, His26 is also ligated to the heme iron ([Fig. 5](#f5-16_18){ref-type="fig"}) \[[@b32-16_18],[@b57-16_18]\]; this enabled us to speculate that the denatured structure surrounding the heme axial ligands reflects the different ΔΔ*V*~h~ values between the two denaturants. Therefore, we constructed the H26Q variant Cyt *c*, where His26 is replaced with Gln to cleave the iron--His26 ligation in the unfolded state, to mimic the urea-denatured state in the GdnHCl denaturation.

We determined Δ*V*~u~ and ΔΔ*V*~h~ for the mutants using urea ([Fig. 6](#f6-16_18){ref-type="fig"}) or GdnHCl ([Fig. 7](#f7-16_18){ref-type="fig"}) as listed in [Tables 1](#t1-16_18){ref-type="table"} and [2](#t2-16_18){ref-type="table"}. Although we expected that Δ*V*~u~ for the urea-denatured unfolding would be similar to that for the GdnHCl-induced unfolding in the H26Q mutant, Δ*V*~u~ for the urea-denatured unfolding of Cyt *c* had a considerably negative shift from 56±5 to 4±2 mL mol^−1^, whereas a mild negative shift from 29±1 to 20±1 mL mol^−1^ was observed for the GdnHCl-denatured unfolding of Cyt *c*. The hydrated structure of the unfolded state remained different in the H26Q mutant, and the mutational effects on the hydrated structure of the unfolded state were more enhanced in urea-denatured Cyt *c*.

Comparing the midpoint denaturant activity \[urea\]~50%~ (the activity of urea at which 50% of molecules are denatured) for the denaturant-induced unfolding between the H26Q variant and wild-type Cyt *c*, a more prominent shift was observed for the unfolding of the urea-denatured state: from 7.0 to 4.0 M in the urea-denatured state and from 1.3 to 0.5 M in the GdnHCl-denatured state. This is in contrast to the pH-induced unfolding probed by Trp fluorescence, showing that the protein stability of the mutant is nearly the same as that of wild type Cyt *c* \[[@b57-16_18]\]. Such discordance would arise from the structural differences between the denaturant-and lowering pH-induced unfolded states \[[@b31-16_18],[@b35-16_18],[@b57-16_18]\]. The lower midpoint activities in the mutant correspond to the lower stability of the ligation of Met80 in the mutant, indicating that the mutation at His26 to Gln promotes the replacement of the heme axial ligand, Met80, by His33 at lower urea activity. Hence, the mutant facilitates the urea-denatured unfolding, which causes more solvated and less structured α-helix components in urea-denatured Cyt *c*. Considering that several of the α-helix components are hydrophilic groups consisting of hydrogen bonds, hydrophilic amino acid residues in the urea-denatured state are more hydrated in the H26Q mutant and the number of hydrated water molecules near the hydrophilic amino acid residues in the urea-denatured state will be increased. The more hydrated structure surrounding the hydrophilic amino acid residues in the urea-denatured state corresponds to the negative shift of ΔΔ*V*~h~ of the H26Q mutant ([Table 2](#t2-16_18){ref-type="table"}).

The mutation caused a much less drastic negative shift in ΔΔ*V*~h~ for the GdnHCl denaturation compared with that for urea denaturation. Because GdnHCl is a more effective denaturant than urea, GdnHCl-denatured Cyt *c* already lost most of the α-helical structures and the mutation at His26 did not induce further drastic denaturation, leading to the small shift of ΔΔ*V*~h~ by the mutation. Although the unfolded state of the urea-denatured mutant Cyt *c* was a more solvated and less structured state, ΔΔ*V*~h~ for the urea-denatured unfolding of the mutant remains different from that for the GdnHCl-denatured mutant. This difference in ΔΔ*V*~h~ between the two denaturants is a result of the residual folded structure including hydrophobic interactions in urea-denatured Cyt *c* and/or hydrophilic interactions in GdnHCl-denatured Cyt *c*.

Conclusions
===========

In the present study, we successfully determined the partial volume changes for the denaturant-induced unfolding of Cyt *c* and experimentally confirmed that the hydration of hydrophobic amino acid residues in the Cyt *c* unfolding and hydration of heme is the primary factor in determining ΔΔ*V*~h~, which is also a thermodynamic determinant for the protein folding in Cyt *c*. Furthermore, we have revealed that the hydrated structure in the denatured state depends on the denaturants. Our approach enables us to determine the dehydration associated with protein folding and hydrated structures in the denatured states of proteins.
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![Ribbon diagram of horse Cyt *c* based on the crystal structure 1HRC. The heme in Cyt *c* (red) forms covalent bonds with Cys14 and Cys17 (yellow). The side chains of the folded heme ligands, Met80 (green) and His18 (orange), and potential nonnative ligands, His26 and His33 (cyan), are shown explicitly. Figure has been prepared using PyMol.](16_18f1){#f1-16_18}

![(A) Schematic drawing of the high pressure spectroscopy device. Using a hand pump, pressure is applied via water to the inner cell filled with the sample. After the valve was closed, the measurements were conducted. (B) Inner cell for the measurements of high pressure absorption spectra. This cell comprises two connected components: a quartz cell and a rubber tube that exerts the pressure on the sample.](16_18f2){#f2-16_18}

![(A) Denaturation curves of wild-type Cyt *c* induced by urea. The curves are fitted using a two-state transition model, which is normalized by the ratio of folded Cyt *c*. (B) Pressure dependence of the equilibrium constant for the Cyt *c* folding on urea activities. Δ*V*~u~ for each urea activity is determined by calculating the slopes of the pressure dependence of the equilibrium constant. (C) Δ*V*~u~ for urea-denatured unfolding of Cyt *c*. Δ*V*~u~ is determined by the extrapolation to 0 M urea activity.](16_18f3){#f3-16_18}

![(A) Denaturation curves of wild-type Cyt *c* induced by guanidine hydrochloride (GdnHCl). The curves are fitted using a two-state transition model, which is normalized by the ratio of folded Cyt *c*. (B) Pressure dependence of the equilibrium constant for the Cyt *c* folding on GdnHCl activities. Δ*V*~u~ for each GdnHCl activity is determined by calculating the slopes of the pressure dependence of the equilibrium constant. (C) Δ*V*~u~ for GdnHCl-denatured unfolding of Cyt *c*. Δ*V*~u~ is determined by the extrapolation to 0 M GdnHCl activity.](16_18f4){#f4-16_18}

![Heme coordination structures in urea- and guanidine hydrochloride (GdnHCl)-denatured Cyt *c*. The GdnHCl-denatured state presents equilibrium between two different coordination structures (left), whereas the urea-denatured state has a single coordination state (right).](16_18f5){#f5-16_18}

![(A) Denaturation curves of the H26Q mutant induced by urea. The curves are fitted using a two-state transition model, which is normalized by the ratio of folded Cyt *c*. (B) Pressure dependence of the equilibrium constant for the Cyt *c* folding on urea activities. Δ*V*~u~ for each urea activity is determined by calculating the slopes of the pressure dependence of the equilibrium constant. (C) Δ*V*~u~ for urea-denatured unfolding of Cyt *c*. Δ*V*~u~ is determined by the extrapolation to 0 M urea activity.](16_18f6){#f6-16_18}

![(A) Denaturation curves of the H26Q mutant induced by guanidine hydrochloride (GdnHCl). The curves are fitted using a two-state transition model, which is normalized by the ratio of folded Cyt *c*. (B) Pressure dependence of the equilibrium constant for the Cyt *c* folding on GdnHCl activities. Δ*V*~u~ for each GdnHCl activity is determined by calculating the slopes of the pressure dependence of the equilibrium constant. (C) Δ*V*~u~ for GdnHCl-denatured unfolding of Cyt *c*. Δ*V*~u~ is determined by the extrapolation to 0 M GdnHCl activity.](16_18f7){#f7-16_18}

###### 

Partial molar volume changes (Δ*V*~u~) for denaturant-induced unfolding of Cyt *c*

                Δ*V*~u~, mL mol^−1^   
  ------------- --------------------- ------
  Wild-type     29±1                  56±5
  H26Q mutant   20±1                  4±2

###### 

Partial molar volume changes for hydration (ΔΔ*V*~h~) in denaturant-induced unfolding of Cyt *c*

                ΔΔ*V*~h~, mL mol^−1^   
  ------------- ---------------------- -----
  Wild-type     110                    140
  H26Q mutant   100                    80
